Heat transfer and fluid flow through different microchannel geometries in the transitional regime (rarefied flow) are analysed by means of Direct Simulation Monte Carlo simulations. Four types of three-dimensional microchannels, intended to be used as expansion slots in micro-resistojet concepts, are investigated using Nitrogen as working fluid. The main purpose is to understand the impact of the channel geometry on the exit velocity and the transmission coefficient, parameters which are well known to affect directly the thruster performance. Although this analysis can be applied in principle to several possible microfluidics scenarios, particular focus is given to its application in the field of space propulsion for micro-, nano-and pico-satellites, for which the requirements ask for low thrust levels from some µN to a few mN and moderate specific impulse, as well as a low power consumption in the order of a few W. Analysis shows that the thrust produced by one single microchannel can be increased by about 480% with a careful selection of the channel geometry, decreasing at the same time the specific impulse by just 5%, with a power consumption decrease of more than 66.7%.
Introduction
The past decade has seen a massive growth in the number of small satellites lauched into Earth orbit. This has led, in turn, to a significant increment of the research activities on the miniaturization of satellite subsystems and components. However, in order to reduce mass and cost, typically nanosatellites (i.e., satellites with a mass between 1 and 10 kg) are still designed without any propulsion capabilities, and only very recently micro-propulsion systems have started to be developed and demonstrated in flight. Thus, their mission lifetime and performance are severely limited [1, 2] . Nano-satellites are typically used in Low-Earth Orbit (LEO), where some specific missions might require a capable propulsion system to enable, for instance, formation flying, orbit change and/or station keeping of constellations. These propulsion systems need to be extremely miniaturized and highly integrated; they shall usually provide thrust levels in the order of some µN up to a few mN, with a limited power consumption [3, 4] . In addition, there is currently a societal urge to use "green" space systems, that shall be free of components or materials publicly recognized as toxic or potentially hazardous for the environment. Finally, current nano-satellite regulations demand for propellants that shall be non-corrosive, non-flammable and non-toxic [5] .
A particular propulsion concept based on rarefied gas dynamics, denoted as Free Molecule Micro-Resistojet (FMMR), has started to be proposed in the late 90's as an alternative to meet the specific requirements and constraints imposed by nano-satellites [6, 7] . Ketsdever et al. [6] presented several advantages of this concept when compared with more traditional micro-thrusters, such as reduced tank pressure, avoidance nozzle plugging, ease and flexibility of construction and reduced valve actuation. An important part of the system is the thrust chamber, or heater chip, usually characterized by a flat plate geometry with expansion slots or microchannels in which molecules are heated, accelerated and expelled into space [8] . As an example, the geometry proposed by Ketsdever et al. [9] is a 19.2 x 19.2 mm square, 500 µm thick, manufactured on a double-sided polished silicon wafer. It contains 44 expansion slots with dimensions of 100 µm wide by 5.375 mm long. The performance of this heater chip was numerically simulated by a Direct Simulation Monte Carlo (DSMC) code, using Nitrogen as molecular species, and successively compared to experimental data, showing a good agreement with a difference of no more than 2% [10] .
Rarefied gas dynamics is relevant to a large number of different applications such as vacuum technology and space dynamics, all characterized by a low pressure environment [11, 12] . Nowadays, it is also becoming more and more relevant to the design and study of microfluidic devices intended for several applications. The first microsystem device for microfluidic application, an integrated cooling system for electronic circuits with a power density of 790 W/cm 2 , dates back to the 80's [13] . This system allowed small electronic devices, producing high temperature when in operation, to keep working at better efficiency. The main advantage in using microchannels is their extremely high surface area to volume ratio when compared with large channels. However, rarefaction, compressibility, viscous heating and thermal creep are important possible drawbacks that are well known to affect the flow dynamics of MEMS [14] .
Rarefied gas flows can be classified in three different regimes: the continuum regime with slip flow, the transition flow, and the free molecular flow. The Knudsen number defines the degree of gas rarefaction. It depends on the average distance travelled by the molecules between collisions, known as the mean free path, λ, and the characteristic dimension, L. The Knudsen number is expressed as:
Its value defines if the flow shall be classified as slip flow, for Knudsen number in the range from 0.01 to 0.1, transition flow, from 0.1 to 10, or free molecular flow, for Knudsen numbers higher than 10 [14, 15] . The Navier-Stokes equations describe the fluid dynamics in the continuum flow regime, but they can not predict the solution of the transition flow regime; in this case, the Boltzmann equation is applied [14, 15] . The Boltzmann equation is not solved directly by DSMC, since it analyses the motion of the particles or molecules in a small volume by means of probabilistic physical simulations [16] . In DSMC simulations, the particles or molecules are represented by a sample and not by their actual total number, in order to keep the simulation at an acceptable level in terms of computational cost. However, under adequate conditions, the probabilistic results still gives a good approximation of the solution [15] .
The transition flow regime is usually the nominal operational condition of FMMR devices due to the low operational pressure of the system, and the DSMC method is a consolidated tool to study the fluid dynamic and thermal properties in this regime. Several previous research activities have studied fluid dynamics in microchannels using the DSMC, showing how the aspect ratio, temperature and Knudsen number influence the gas behaviour [17] [18] [19] [20] . In some cases, the pressure drop, temperature and velocity through the channel are also analysed. Even though some researchers have also been using the DSMC method to analyse the micronozzle performance for the transition between the slip flow regime and the transition flow regime [21] [22] [23] [24] , there is still a lack of micronozzle performance analysis in case at the boundary between the transition flow and the molecular flow regimes (Knudsen number larger than 0.1).
The aspect ratio of the expansion channel, defined as thickness to diameter ratio, is an important parameter that has to be considered in this concept. Normally, the mass flow rate decreases with increasing aspect ratio. One disadvantage in decreasing the aspect ratio is that the heat transfer also decreases. The portion of mass flow rate that goes through a channel is defined by the "transmission coefficient", α, which is also known as conductance [11] or dimensionless mass flow rate [20, 25] . It is the actual mass flow rate to the mass flow rate in free molecular limit ratio, which is expressed in the form of α =ṁ/ṁ f m , meaning that for an infinitely thin channel, the transmission coefficient is equal to 1. For a cylindrical channel with an aspect ratio of 5, a typical value of the transmission coefficient is 0.19 [11, 20] .
From the thruster point of view, the thrust ℑ increases with the mass flow rateṁ and the flow exit velocity u e , see equation (2), whereas the specific impulse I sp tends to slightly decrease with the mass flow rate, equation (3) . When the heat transfer from the channel walls to the fluid increases, the exit velocity and the exit pressure P e increase, and, consequently, the thrust and specific impulse increase too.
ℑ =ṁu e + (P e − P a )A e (2)
where in equations 2 and 3, P a is the ambient pressure (zero in vacuum), A e is the thruster exit area, and g o is the Earth gravitational acceleration at sea level. This article presents a sensitivity analysis of the thruster performance as function of the microchannel geometry. A microchannel aspect ratio of 4.4 is used as a baseline and different divergent microchannel geometries are simulated. The channel geometry influences the transmission coefficient and the heat transfer performance that, in turn, directly influence the thruster performance. The purpose is to propose a design in which better thrust level can be achieved, without any substantial drop in the specific impulse and, possibly, with a reduction of the specific energy.
Numerical Modelling
The 3-D DSMC code dsmcFoam, in particular the open source C++ CFD toolbox OpenFOAM, has been used to analyse the flow dynamics and thermal properties of the system. As in all DSMC tools, the motion of particles/molecules in a small cell volume (∆x cell ) is analyzed. In each cell, a set of representative collisions is processed at each time step (∆t step ). The DSMC does not use the actual number of particles due to the high simulation cost required, even though the sample of particles use in the simulations represent well the solution. These parameters play an important role on the accuracy of the simulation and they are estimated according to [15] as:
where ξ is the fraction of mean free time (the mean time between collisions) at the mean stream conditions, andc is the mean thermal speed. According to the equations above the mesh size has to be less than 12 µm and the time step has to be close to 2 × 10 −7 s. Additionally, the typical value of the actual-to simulated-particle ratio S per cell is taken in the range from 10 14 to 10 18 for a three-dimensional computation [26] . On the other hand, values of S close to 1 are typically used to simulate completely free molecular flows. However, in the cases studied in this paper, both the transitional and the free molecular regimes are present, and for this reason an intermediate value has been chosen for S. This means that the flow regions under the free molecular regime, which are less interesting for the scopes of this study, have been simulated less accurately due to the relatively low number of particles considered. Taking these constraints into account, an affordable value of S (in terms of computational cost) was defined. Table 1 shows a summary of the main simulation parameters, set in agreement with the indications provided by literature and common practice [15, 26, 27] . A sketch of the baseline modelling (case 1) can be seen in Figure 1 . It is divided in three sections: a portion of the plenum, the microchannel and a portion of the outer space. The main purpose of these simulations is to understand and characterize the gas behaviour into the channel, with portions of the plenum and the outer space simulated in order to better understand how the external and boundary conditions influence the fluid dynamics into the channel. The reference frame is placed with its origin at the channel entrance (x=0), with the channel exit at x=L=500 µm. The microchannel is designed with a circular cross-sectional area of 10,000 µm 2 . The inlet boundary condition is represented by a blue line, and corresponds to a plenum or reservoir under stagnation conditions at a temperature of 300 K and a pressure of 50, 150 or 300 Pa depending on the simulated case. Vacuum conditions are imposed at the outlet boundary that is represented by a black line and corresponds to the outer space. The channel wall boundary condition (red line) was considered at a fixed constant temperature, namely 300, 573, 700 or 900 K depending on the simulated case. Additionally, Table 1 . Simulation setting according to [15, 27] Table 2 .
Moreover, three additional configurations with a (partially) divergent microchannel were simulated. Figure 2 shows the four cases which were analysed, namely: case 1 (Baseline microchannel), case 2 (Entirely divergent microchannel), case 3 (Second-half divergent microchannel), and case 4 (First-half divergent microchannel). The same inlet cross-sectional area has been used for all the cases. The angle of the divergent part, β, has been varied from 0 to 40 • for each case. The same boundary conditions and parameters as in the baseline have been used, but only one value of the plenum pressure (150 Pa) and wall temperature (573 K) has been considered for cases 2, 3 and 4. This choice is motivated and discussed in the next section, together with the results achieved. 
Results and Discussion 3.1 DSMC validation
To validate the numerical parameters used for the simulations, a plenum pressure of 50 Pa and a wall temperature of 300 K have been used. The Knudsen number in the channel varies between 1.1, at the channel entrance, and 14.2, at the channel exit. Besides the baseline cell size of 5 µm, two other values were tested: 2.5 µm and 10 µm. Table 3 shows the mean exit velocity and the mean exit pressure for different cell size values. The exit pressure does not show significant variations, but for the exit velocity a difference of 1.3% (in the worst case) in relation to the baseline parameter is present. For the time step, besides the baseline of 2×10 −7 s, two other values were tested: 1×10 −7 s and 5×10 −7 s. Table  3 shows the results in terms of the mean exit velocity and the mean exit pressure. The exit pressure also in this case does not show significant changes, but the exit velocity presents a difference of 1.9% in the worst case. Another numerical parameter that has been validated is the particles-per-cell value. Besides the actual-to simulated-particle ratio S of 10 4 , two other values were tested: 10 3 and 10 5 , see Table 3 . The exit pressure also does not show significant changes and the exit velocity presents a difference of 1.3% in the worst case. In conclusion, the uncertainty is expected to be not bigger than 2.6%.
An additional validation has been carried out by comparing the pressure variation along the channel centerline from the current numerical code to an analytical expression given in [14] : whereP is the ratio of local pressure to outlet pressure, Kn o is the outlet Knudsen number, σ v is the thermal accommodation (set equal to 1), B is a constant such thatP = P(x = 0)/P o , and b andᾱ are constants too. The comparison is presented in Figure 3 , which shows very good matching with the findings of [14] , where it is indicated that at higher Knudsen numbers and, thus, under free molecular flow conditions, the pressure distribution along the channel centerline is much closer to what would be obtained by assuming a linear pressure drop. Equation 6 gives however still sufficiently accurate results, with a maximum difference of 3.0% for a plenum pressure of 50 Pa, 2.7% for a plenum pressure of 150 Pa, and 2.9% for a plenum pressure of 300 Pa. A wall temperature of 300 K was used for this comparison. 
Case 1. Baseline microchannel analysis
In Figure 4 , the normalized pressure along the channel is shown for different plenum pressures and wall temperatures. The pressure slightly raises in the first part of the channel, followed by a gradual decrease very close to a linear function, where the linear coefficient depends mainly on the plenum pressure. Furthermore, when the wall temperature is the same as the plenum temperature (in this study 300 K), the entrance pressure is less than the plenum pressure. On the other hand, when the wall temperature exceeds the plenum temperature, the entrance pressure is larger. The normalized mean pressure at the channel inlet mainly depends on the channel wall temperature, although it obviously converges to the same value at the channel outlet.
Due to the random direction of particles and the high number of collisions in the channel entrance area, the heat transfer from wall to particles is more effective in the first 30% of the channel length, after which the mean gas temperature is constant and close to the wall temperature, see Figure 5 . The mean gas temperature decreases a bit in the last 20% of the channel due to the low outer space temperature. The complete temperature field is shown in Figure 6 -(a) for plenum pressure of 150 Pa and wall temperature of 573 K. Since there is no change in the cross-sectional area along the baseline channel, the Mach number along the channel presents a similar value for the different cases studied independently on the Knudsen number, plenum pressure and channel wall temperature. The Mach number converges to sonic velocity at the channel outlet, see Figure 6 -(b). The Knudsen number depends mainly on the plenum pressure and channel wall temperature: when the plenum pressure increases the Knudsen number tends to decrease, and when the wall temperature increases the Knudsen number tends to increase, see Table 4 . For plenum pressure of 50 Pa the flow regime turns into a free molecular flow in the last part of the channel. The molecules are accelerated in the microchannel mainly due to collisions with the hot channel walls, and the exit velocity increases from 293 to 503 m/s when the channel wall temperature increases from 300 to 900 K, respectively. Table 5 shows the transmission coefficient and exit velocity for different channel wall temperatures and plenum pressures. Varying from 17 to 19 %, the transmission coefficient changes are not significant, although the increase in exit velocity is significant. Therefore, one initial step to improve the transmission coefficient was expected to be by a divergent channel, helping the particles to be expelled more effectively. The results obtained by using different types of divergent geometries are presented in the next subsections.
Case 2. Entirely divergent microchannel analysis
The main effect of the divergent channel is to alleviate the problems caused by the high entrance pressure, so that the passage of molecules throughout the channel is facilitated, as seen in Figure 7 . The entrance pressure goes significantly down with increasing angle of the divergent part. This reduction is up to about 75% with respect to the baseline (i.e., no divergence angle), for a divergence angle of 40 degrees. In addition, the pressure drops dramatically through the microchannel, with most of this drop moved towards the channel inlet when the divergence angle increases. The channel exit pressure also decreases with increasing divergence angle. Although on one hand the desired reduced entrance pressure effect is achieved, on the other hand the heat transfer becomes less effective than the baseline and the maximum temperature is less close to the channel wall temperature, as seen in Figure 8 . When the divergent angle increases, the number of collisions decreases (in particular the particlesurface ones) and the heat transfer becomes less efficient. The complete temperature field for the case of divergent angle equal to 25 degrees can be seen in Figure 9 -(a).
The gas temperature decrease at higher divergent angles implies that the molecules are accelerated less efficiently by the hot channel walls through collisions. However, when the divergent angle increases, the acceleration due to thermal expansion, which characterizes the more conventional propulsion concepts, increases. For this reason the Mach number increases, and the flow becomes supersonic at the channel for divergent angles higher than 10 degrees. Figure 9-(b) shows the increasing Mach number throughout the channel at a divergent angle of 25 degrees. The increasing divergent angle makes the Knudsen number rise dramatically through the channel as it can be seen in Table 6 , meaning that flow goes in the free molecular regime before being expelled at the channel exit. The exit velocity increases gradually from 402.5 to 461.5 m/s when the divergent angle raises from 0 to 30 degrees, respectively. For values higher than 30 degrees the exit velocity slightly decreases, Figure 10 . Although the exit velocity only shows a relatively moderate change with respect to the baseline, the transmission coefficient increases significantly when the divergent angle increases, going from 18 to 93% for a divergent angle values from 0 to 40 degrees. This represents an increase of about 80% in mass flow rate effectively expelled by the channel. Fig. 10 . Transmission coefficient and exit velocity for different divergent angles at a plenum pressure of 150 Pa and wall temperature of 573 K, entirely divergent microchannel (case 2).
Case 3. Second-half divergent microchannel analysis
As it has been shown in the previous subsection, the entirely divergent angle geometry (case 2) shows an important increase in mass flow rate, but a less effective heat transfer is obtained. In case 3, the idea is to increase the heat transfer effectiveness in the first half of the microchannel (constant area) and improve the thermal expansion of the flow and, thus, the transmission coefficient in the second half (diver-gent). Figure 11 shows that the entrance pressure is slightly reduced when the divergent angle increases up to 25 degrees, while for angles higher than 25 degrees it does not change significantly. Generally speaking, the pressure through the channel decreases significantly with the divergent angle, as well as the exit pressure. The heat transfer does not show significant changes with increasing divergent angle, because the gas is mainly heated in the first half of the channel and, when the molecules enter in the divergent part, they are already aligned and the number of collisions with the walls are insignificant. Due to this, the gas temperature in the second half of the channel decreases significantly when the divergent angle increases, see Figure  12 . The complete temperature field for a divergent angle of 25 degrees can be seen in Figure 13-(a) .
Differently to the previous geometry (case 2), the Mach number presents a significant increase only in the second half of the microchannel, but still converges to similar supersonic values at the channel exit, compare Figures 9-(b) and 13-(b) . The Knudsen number at channel outlet for this configuration is as high as in case 2, and the flow also goes in the free molecular regime before the channel exit, see Table 7 .
A significant difference can be noticed in the exit velocity and the transmission coefficient, by comparing Figures  10 and 14 . The exit velocity increases with respect to case 2 (for instance 496.1 m/s instead of 461.5 m/s, for same divergent angle of 30 degrees). The highest exit velocity (500.1 m/s) is achieved for a divergent angle of 35 degrees and there is a slight decrease for divergent angles larger than 35 degrees. The transmission coefficient presents an increase with respect to the baseline (case 1) but is significantly lower with respect to the entirely divergent angle (case 2). This happens because the mass flow rate is limited by the presence of the first constant-area of the microchannel independently on the divergent angle in the second part. The transmission coefficient is never larger than 31% (value for a cylindrical tube with aspect ratio of 2.5), in accordance to the results obtained in [11] , and the largest transmission coefficient is achieved for an angle of 25 degrees.
Case 4. First-half divergent microchannel analysis
Following the analysis of case 3, a conclusion is that when the highest gas temperature (wall temperature) is achieved due to a high number of collisions, the mass flow rate is lower and when the mass flow rate is increased due to the increased divergent angle, the number of collisions decreases and the gas temperature is lower. In order to combine these effects, in case 4 the first half of the microchannel (divergent) is used for the thermal expansion to increase the mass flow rate, and the second half (constant area) is used to increase the temperature. Figure 15 shows that the entrance pressure decreases significantly as it happened for the entirely divergent angle (case 2), but presents a smoother increase when compared to case 2. Additionally, the gas temperature through the channel is larger than case 2, compare Figures 8 and 16 .
The complete temperature field in the channel can be seen in Figure 17 as well as the Mach number map. In the first half of the microchannel, the Mach number presents a similarity to case 2, reaching a value of 0.6 in the beginning of the channel due to the thermal expansion, while the situation in the second half is similar to case 1 and the Mach number tends again to reach the sonic regime at the end of the microchannel, see the example in Figure 17-(b) . In this case the flow goes in the free molecular regime just at the channel exit, for a divergent angle higher than 15 degrees, see Table 8 .
The exit velocity does not show a significant change with the divergent angle, and the highest exit velocity (413.3 m/s) is achieved for a divergent angle of 10 degrees, see Figure 18 . On the other hand, the transmission coefficient increases significantly with increasing the divergent angle. This result is comparable to the case of entirely divergent channel (case 2). Another interesting result is that a divergent angle of 40 degrees shows almost the same exit velocity as the baseline, but with a very high transmission coefficient of 91%.
Thruster performance analysis
Each one of the studied cases shows its own specific flow characteristics, as previously described. In case the microchannels are used as flow acceleration elements in a space thruster, these characteristics can be used to compute the expected propulsion performance (thrust, specific impulse and power consumption, in particular). This subsection will present the propulsion performance and the different parameters that influence it directly. Figure 19 shows how the exit velocity profile along the y axis is influenced by the channel geometry. In particular, a divergent angle at the channel exit makes the flow significantly more bi-dimensional, with a less uniform axial component of the exit velocity and a non negligible component of it along the y axis. This effect becomes even more prominent at higher divergent angles, as shown in Table 9 , where the maximum V y /V x ratio at the channel exit (for y/r = 1) is shown for all cases and different values of the divergent angle. From the baseline (case 1), Figure 20 shows the relationship between thrust and specific impulse under different plenum pressure and channel wall temperature. In Figure 20 , lines are drawn for constant wall channel temperature and constant plenum pressure. It shows that the specific impulse increases when the channel wall temperature increases and the thrust increases significantly with the plenum pressure and also, slightly, with the channel wall temperature.
Another important result is obtained in relation to specific energy, that is the ratio of power (thermal energy) consumption per mass flow rate. Figure 21 shows that the specific energy rises with the wall temperature and, consequently, the specific impulse. An increase in plenum pres- sure tends to slightly decrease the specific energy.
The specific impulse basically increases when the gas temperature increases as a consequence of the higher wall temperature, or when the molecular mass decreases by changing the molecular species, as it is already shown by [9] . On the other hand, the thrust can be increased by increasing the plenum pressure, the channel wall temperature, the exit area or the transmission coefficient, as also shown by [9] . However, the channel wall temperature does not affect significantly the thrust and is obviously also limited by the material properties. For what concerns the plenum pressure, when it is increased the flow tends to move from the rarefied gas regime to the continuum flow one, for which completely different equations and considerations should be applied. It is obviously also possible to increase the flow exit area by increasing the number of slots/microchannels, at least up to a certain level after which a too large heater chip and plenum volume would be obtained. The transmission coefficient depends basically on the geometry and, in particular, the aspect ratio. However, when the aspect ratio decreases, the heat transfer becomes less effective and thus the gas temperature and specific impulse decrease. The power consumption is crucial, since it is one of the most important design drivers of satellites, especially small ones, with limited power available. In summary, it is desirable to achieve the maximum possible thrust and specific impulse with the minimum power consumption. Figure 22 shows a comparison among different geometries, at plenum pressure of 150 Pa and channel wall temperature of 573 K. For the entirely divergent channel, case 2, when the angle increases the thrust increases dramatically due to the increased transmission coefficient, and the specific impulse decreases significantly due to the lower gas temperature. For the second-half divergent angle, case 3, the aspect ratio of the first part of the microchannel represents a sort of "barrier" to the mass flow rate, so the thrust does not change much and the specific impulse decreases significantly with the angle. For the first-half divergent angle, case 4, the thrust increases significantly with the angle in the same way as case 2, and the specific impulse slightly decreases. As it can be seen in Figure 23 the specific energy presents an interesting behaviour. In case 3 there is a slight decrease of specific energy with a divergent angle up to 10 degrees, followed by a significant increase for higher divergent angles. In cases 2 and 4 there is a significant decrease in the specific energy with the divergent angle.
In space propulsion, the total thrust produced by a system is generated by two different contributions: the momentum thrust (caused by change of momentum in the fluid) and the pressure thrust (caused by pressure difference between channel exit and ambient), see Equation 2. Each contribution plays a different role for different cases. In the baseline case, case 1, the pressure thrust represents 42 % of the total thrust. In cases 2 and 3, where the exit pressure decreases due to the divergent angle, the pressure thrust becomes a smaller portion of the total thrust, just 19 % for a divergent angle of 40 degrees. In case 4, with the same divergent angle, the pressure thrust represents again a larger portion of the total thrust (about 40 %), due to the heat transfer in the second half of the microchannel. In any case, it is clear that the pressure thrust contribution is not negligible in this concept, differently to what happens in more traditional propulsion systems especially then used under vaccum conditions.
Conclusion
The DSMC method was applied to simulate the flow and thermal behaviour in four different microchannels geometries for a FMMR devices. The baseline case with constant channel area was analysed to study the influence of different plenum pressures and channel wall temperatures on the mass flow rate, thrust and specific impulse. The other cases, in which a divergent section is presented in the channel, a plenum pressure of 150 Pa and channel wall temperature of 573 K have been considered, but a divergent angle range from 0 to 40 degrees was used with different configurations (entirely divergent, only first half or only second half). In addition, the heat transfer and fluid flow in the microchannels has been discussed.
It is shown that the transmission coefficient increases significantly with increasing divergent angle, which improves the mass flow rate through the channel and, consequently, the thrust. On the other hand, when the divergent angle increases, the heat transfer effectiveness tends to decrease significantly, which influences in a negative way the exit velocity. It has been shown that the case of first-half divergent channel is the best combination of these two contrasting effects. In terms of thrust performance, therefore, this is the most promising case. It combines a relatively small reduction of specific impulse with a significant increase of thrust. As a comparison, the thrust of one microchannel with divergent angle of 40 degrees in this case is equivalent to 4.8 microchannels of the baseline case, with a specific impulse decrease of just 5% and a reduction in power consumption of 66.7%, considering a plenum pressure of 150Pa and a channel wall temperature of 573K.
In order to use these findings in an actual propulsion system design, further investigations need to be carried out. A propellant needs to be selected that can be stored easily in a small volume with low mass, allowing to design a sim-ple final product with low number of components and, at the same time, keep an adequate thrust performance. A characterization of the heater chip in a test environment and a flight validation on a nano-or pico-satellite mission will be very important to this respect.
